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One of the most firmly established factors determining the speed of human behavioral responses toward action-critical stimuli is the
spatial correspondence between the stimulus and response locations. If both locations match, the time taken for response production is
markedly reduced relative to when they mismatch, a phenomenon called the Simon effect. While there is a consensus that this stimulus-
response (S-R) conflict is associated with brief (4-7 Hz) frontal midline theta (fm6) complexes generated in medial frontal cortex, it
remains controversial (1) whether there are multiple, simultaneously active theta generator areas in the medial frontal cortex that
commonly give rise to conflict-related fm6 complexes; and if so, (2) whether they are all related to the resolution of conflicting task
information. Here, we combined mental chronometry with high-density electroencephalographic measures during a Simon-type manual
reaching task and used independent component analysis and time-frequency domain statistics on source-level activities to model fm0
sources. During target processing, our results revealed two independent fm6 generators simultaneously active in or near anterior
cingulate cortex, only one of them reflecting the correspondence between current and previous S-R locations. However, this fmf response
is not exclusively linked to conflict but also to other, conflict-independent processes associated with response slowing. These results paint
a detailed picture regarding the oscillatory correlates of conflict processing in Simon tasks, and challenge the prevalent notion that fm6
complexes induced by conflicting task information represent a unitary phenomenon related to cognitive control, which governs conflict
processing across various types of response-override tasks.
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/Signiﬁcance Statement \

Humans constantly monitor their environment for and adjust their cognitive control settings in response to conflicts, an ability
that arguably paves the way for survival in ever-changing situations. Anterior cingulate-generated frontal midline theta (fm6)
complexes have been hypothesized to play a role in this conflict-monitoring function. However, it remains a point of contention
whether fm6 complexes govern conflict processing in a unitary, paradigm-nonspecific manner. Here, we identified two indepen-
dent fm6 oscillations triggered during a Simon-type task, only one of them reflecting current and previous conflicts. Importantly,
this signal differed in various respects (cortical origin, intertrial history) from fm6 phenomena in other response-override tasks,
challenging the prevalent notion of conflict-induced fm# as a unitary phenomenon associated with the resolution of conflict.

Introduction tially incongruent with its associated response (e.g., a left stimu-
It is well established that human behavioral responses are slower lus.pr ompting a r1ght—han.d, rather than a left-hand, res‘po.nse).
when the appearance of a response-imperative stimulus is spa- This reaction time (RT) difference, often referred to as “Simon
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Sample trial sequence in the present Simon-type manual reaching task. The target was randomly defined by color (red) or shape (square), with the correct motor response (left vs right

hand) being defined, independently of the target-defining attribute (color vs shape), by the orientation of the stripes inside the target (vertical vs horizontal). Target positions were selected

randomly, on a trial-by-trial basis, from all but the central and the two outer positions.

effect” (Simon and Small, 1969), is independent of the sensory
modality of the stimulus and depends on the spatial location of
the motor action rather than the actual effector (e.g., left vs right
hand) with which the action is executed (Simon, 1969; Wallace,
1971). Thus, theoretical accounts (Umilta and Nicoletti, 1992;
Hommel et al., 2004) generally agree that the Simon effect is
driven by the conflict between representations that code the stim-
ulus and, respectively, response locations. The degree of this
conflict-related slowing is further determined by the recent his-
tory of spatial conflict (Gratton et al., 1992; Mayr et al., 2003;
Ullsperger et al., 2005; Egner, 2007): incongruent responses are
faster on a given trial when the preceding response was also in-
congruent. This “conflict-adaptation effect” (also referred to as
“Gratton effect”) suggests that encountering a conflict gives rise
to an adjustment of internal system settings such that perfor-
mance is facilitated on a subsequent conflict trial (Gratton et al.,
1992; Ridderinkhof et al., 2004; Tollner et al., 2012a).

At the level of brain dynamics, there is mounting evidence that
at least two frontal brain regions are involved in behavioral ad-
justments following a response conflict in the Simon task. Kerns
(2006) showed that conflict-related hemodynamic activity in an-
terior cingulate cortex (ACC) is related to increased prefrontal
cortex (PFC) activity, which, in turn, is associated with improved
behavioral responses on the next trial. Following the conflict-
monitoring hypothesis (Botvinick et al., 2004), Kerns (2006) sug-
gested that the ACC becomes activated whenever a conflict is
detected, and this activation is then projected to other brain areas
(including the PFC) involved in the proactive minimization of
potential conflicts on subsequent trials.

Complementing these hemodynamic findings, recent electroen-
cephalographic (EEG) investigations have provided insights into the
spectrotemporal brain dynamics that mediate conflict detection and
adaptation in the classic Simon task (Cohen and Ridderinkhof, 2013;
Gulbinaite et al., 2014) as well as in (cueing) variants of this task
(Cavanagh et al., 2012; van Driel et al., 2015; Miickschel et al., 2016).
The emerging picture suggests that the noncorrespondence between
stimulus (S) and response (R) locations is associated with brief me-
dial frontal cortex (MFC)-generated theta complexes. In more de-
tail, trials with incongruent S-R locations give rise to stronger frontal
midline theta (fm6) complexes than trials with congruent locations
(Cavanagh et al., 2012), with conflict-induced fm6 complexes being
reduced when participants had processed a conflict on the preceding
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trial (Cohen and Ridderinkhof, 2013). These and other findings led
to the prominent proposal that such fm6 complexes are associated
with a brain process that mediates conflict processing (Nigbur et al.,
2011). At variance with this view, others have argued that conflict-
related theta modulations, rather than reflecting processing of con-
flict per se, are attributable to more general “time-on-task” processes
(Scherbaum and Dshemuchadse, 2013). That is, the changes in
the oscillatory EEG pattern may simply reflect changes in RT
performance.

The present study was designed to provide a more detailed
picture as to (1) whether there are multiple, concurrently active
theta generators in the MFC, and if so, (2) whether they are all
related to S-R conflict. For example, it is conceivable that separa-
ble fm6-associated processes (e.g., conflict detection, adaptation,
conflict-unrelated processes) arise from functionally and physi-
ologically distinct theta activities, not easily detectable by conven-
tional analyses of scalp channel signals. Alternatively, different
conflict-related and -unrelated processes may drive one-and-the-
same fm6 complex. To decide between these alternatives, we re-
corded high-density EEG during a Simon-type manual reaching
task and used independent component analysis (ICA) (Makeig
et al., 1996) to decompose statistically independent source pro-
cesses whose spatial origins could then be studied using equiva-
lent dipole modeling (Makeig et al., 2002).

Materials and Methods

Participants. Fourteen healthy adults recruited from the University of
California San Diego took part in this study; data from two participants
had to be excluded because of excessive artifacts during EEG acquisition.
The remaining 12 participants were between 20 and 30 (median 25) years
of age; by chance, 10 were male. They had all normal or corrected-to-
normal vision, and none reported a history of neurological disorders.
Each participant provided written informed consent before the start of
the experiment. All experimental procedures were approved by the local
Institutional Review Board in accord with the Code of Ethics of the
World Medical Association (Declaration of Helsinki).

Stimulus, task, and study design. Visual displays consisted of seven
colored shapes on a black background, which were arranged regularly on
a semicircle around a (central) white fixation cross at the screen bottom;
the stimulus eccentricity was 6.0° of visual angle (Fig. 1). On each trial, a
feature singleton target, randomly defined by color (red circles; CIE
0.213,0.264, 68; radius: 2.4°) or shape (blue squares; CIE 0.389, 0.518, 68;
4.8° X 4.8°), was presented together with six homogeneous distractor
items (blue circles; CIE 0.389, 0.518, 68; radius: 2.4°). The position of the
target was selected randomly from all but the central (top) and the two
outer (left- and right-most) positions. Each stimulus outline contained a
grating composed of three black bars (0.8° X 4.8°) separated by two gaps
(0.6° X 4.8°), randomly oriented either vertically or horizontally.

Participants were seated comfortable in a dimly lit, sound-attenuated
experimental booth. Visual displays were presented on a 21-inch com-
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puter touch screen monitor. Each experimental session consisted of
20 blocks of 60 trials each, yielding a total of 1200 trials. A trial started
with a white central fixation cross displayed for 0.5 s, followed by the
stimulus display presented for 0.2 s. Next, all stimuli were masked by
“placeholders” (Fig. 1) until the participant’s response or for a max-
imum period of 0.8 s. In case of a response error or if no response was
issued within the maximum allowed RT window (1 s), the word “ER-
ROR” was presented centrally for 1 s. In the interval to the next trial,
participants were presented with a central white fixation cross for a
randomly chosen duration of 0.95, 1, or 1.05 s. To initiate the trial,
they had to press two customized keypad buttons mounted centrally
on the lower frame of the touchscreen using both index fingers.

Participants were asked to maintain central eye fixation throughout all
blocks and to perform, as fast and as accurately as possible, a visually
guided manual reaching action. To dissociate perceptual from motor
response selection for the planned intertrial analyses, we used a
compound-search design (T6llner et al., 2008, 2012b): participants had
first to detect and localize the target (defined by a unique color or shape)
before they could extract the information (the target’s vertical vs hori-
zontal stripe orientation) that specified the required motor action:
touching the target (location) on the (touch) screen using either their
left- or their right-hand index finger, depending on the stripe orienta-
tion. Half the participants started to respond to vertical orientation with
their left and to horizontal orientation with their right hand, and vice
versa for the other half (the S-R mapping was reversed halfway through
the experiment). We used vertical versus horizontal orientation as
response-critical attributes as these do not convey any lateralized infor-
mation that might have confounded the Simon effect (Hommel, 2011).
To start a trial, participants had to (re)position both index fingers on the
keypad buttons (i.e., the starting positions), and trials were immediately
aborted and counted as errors if both keypad buttons (rather than just
one) were released during a trial. Before the start of the experiment, one
block of practice (60 trials) was administered to familiarize participants
with the S-R mapping (e.g., vertical/horizontal target orientation de-
manding a left-/right-hand response). After each block, participants re-
ceived summary statistics feedback (mean RT and error rate).

Electroencephalographic recording and analysis. The EEG was digitized
continuously at 512 Hz using a 248-channel active electrode array (Active
11, Biosemi). Electrodes were mounted on an elastic cap, with exact loca-
tions measured individually using a 3-D ultrasound digitizer system
(Polhemus). Electrode impedances were kept <20 k(). All offline EEG
analyses were based on custom MATLAB (The MathWorks) scripts, built
on the open source EEGLAB toolbox (Delorme and Makeig, 2004). To
start with, we inspected all raw data visually to identify and manually
remove nonstereotypical noise. Next, we rejected all channels exhibiting
excessive artifacts, defined as any signal exceeding =1 mV, and channels
with kurtosis >5 SDs from the mean kurtosis across all channels. The
EEG data were then high-pass filtered (0.1 Hz), rereferenced to average
reference, and decomposed into temporally maximally independent
source processes using adaptive mixture independent component anal-
ysis (Palmer et al., 2006, 2008; Delorme et al., 2012), which generalizes
previously established infomax (Bell and Sejnowski, 1995; Makeig et al.,
1996) and multiple mixture ICA approaches (Lee et al., 1999; Lewicki
and Sejnowski, 2000), to dissociate scalp-recorded EEG signals into spa-
tially static components that are statistically maximally independent. Of
importance for the question at issue in the current study, ICA does not
only dissociate brain from nonbrain sources, but also other activities
projecting to the scalp from multiple brain sources.

Electrocortical source analysis. For each of the independent component
(IC) scalp topographies, a single-equivalent current dipole model was
computed using a boundary element head model (Fuchs et al., 2002;
Oostenveld and Oostendorp, 2002) as implemented in the DIPFIT
plug-in of the EEGLAB toolbox. Coregistration of the electrode positions
with the MNI brain template (representing an average MRI scan from
152 healthy adults; available at http://www.mni.mcgill.ca) was per-
formed by aligning particular landmarks (nasion, inion, ears, and vertex)
and, if required, rescaling and/or rotating the montage setting. Next, we
selected ICs for further analysis only if their equivalent current dipoles
were located within cortical gray matter; restated, we excluded all ICs
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with dipoles localized outside the brain (including those accounting for
eye movement or muscle activity). In addition, we rejected any ICs from
further analyses whose equivalent dipole model accounted for <85% of
the variance of the IC scalp map (e.g., ICs with multifocal scalp maps not
compatible with generation in a single cortical region).

IC clustering and statistics. Following ICA decomposition, the EEG
data were epoched into 3 s segments, ranging from 1 s before to 2 s after
stimulus onset. All remaining ICs were then clustered across all partici-
pants based on their spatial projections and measures of their event-
related brain dynamics (Delorme and Makeig, 2004; Gramann et al.,
2010), including their equivalent dipole locations, scalp maps, mean log
spectra, event-related potentials, intertrial coherences, and event-related
spectral perturbations (ERSPs) (Makeig, 1993), applying a k-means ap-
proach. ICs >3 SDs distant from the cluster centroid were removed from
each cluster. We then inspected all clusters to identify IC sets with a
cluster mean scalp topography exhibiting a weight distribution with a
maximum over fm#6 areas (for theta band analysis, compare Ishii et al.,
1999; Buzsaki, 2006; Cohen et al., 2008).

ERSPs, our main measure of interest (see below), were computed
by transforming each IC time series into a spectrographic image.
Frequency-specific event-related changes in spectral power were calcu-
lated across the frequency range of 3-128 Hz using Morlet wavelet de-
composition (as implemented in EEGLAB). Specifically, we used 3-cycle
Morlet wavelets for the lowest frequency (3 Hz) and linearly increased
the cycle number (per wavelet) to 25.6 cycle Morlet wavelets for the
highest frequency (128 Hz) to balance the frequency/temporal-
resolution trade-off. Spectrographic images for each trial were then av-
eraged and converted to log power. Log power at each frequency in the
prestimulus baseline period (—1 s to stimulus onset) was subtracted
from the log spectrogram.

To statistically analyze both conflict detection and adaptation effects, all
(left- and right-hand response), trials were first separated into “congruent”
(i.e., left/right stimulus location requiring left/right motor action) and “in-
congruent” trial types (i.e., left/right stimulus location requiring right/left
motor action). These two conditions were then further split as a function of
previous, “congruent” versus “incongruent,” trial history, resulting in four
experimental conditions (congruent-congruent, incongruent-congruent,
congruent-incongruent, incongruent-incongruent). All behavioral (RTs)
and neural measures (ERSPs) were analyzed using separate repeated-
measures ANOVAs with the factors “Current S-R congruency” (congruent,
incongruent) and “Previous S-R congruency” (congruent, incongruent).
Significant main effects and/or interactions were further verified by means of
post hoc comparisons (two-tailed paired ¢ tests). For spectrotemporal analy-
ses, theta-band (4-7 Hz) ERSP values were extracted and analyzed for both
stimulus-locked segments (from 0.5 s before to 1 s after stimulus onset) and
response-locked segments (from 1 s before to 0.5 s after response onset) on
the component cluster level.

Results

Behavioral data

Replicating the classical Simon task literature, RTs were robustly
modulated by spatial S-R compatibility (Fig. 2A, top): partici-
pants responded slower when the side of the motor action was
spatially incongruent, compared with congruent, with the side on
which the target stimulus was presented (653.22 * 42.06 ms vs
615.63 * 48.93 ms, p < 0.001). Importantly, the S-R compatibil-
ity effect interacted with the S-R compatibility on the previous
trial (F(, ;3, = 165.25, p < 0.001): responses were produced faster
on incongruent trials (642.39 * 42.03 ms vs 665.61 * 42.92 ms)
and slower on congruent trials (625.99 * 48.54 ms vs 607.09 =
49.25 ms) if participants had previously responded to an incon-
gruent target (Fig. 2A, bottom). As further depicted in Figure 24,
the general RT pattern was the same when calculating left- and
right-hand responses separately. Participants exhibited slightly
more error-prone behavior on congruent (6.90 * 1.88% vs
6.14 * 1.73%) and incongruent trials (6.46 = 1.31% vs 6.16 =
2.21%) when there was an S-R incompatibility on the previous
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Conflict-related behavioral and neural responses averaged across hands, separately for left-hand and right-hand responses. A, Top, Differences in RTs between congruent

(G; no-conflict) and incongruent (I; conflict) trials. Bottom, RTs separately for congruent (red lines) and incongruent trials (green lines) as a function of the S-R compatibility on the previous trial.
B, Top, Differences in MFC theta activations between congruent (no-conflict) and incongruent (conflict) trials. Bottom, MFC theta activations separately for congruent (red lines) and incongruent

trials (green lines) as a function of the previous S-R compatibility.

trial. However, none of the error-related differences reached sta-
tistical significance (all p values > 0.18).

Frontal midline IC clusters

In line with the central question at issue, and for the sake of brevity,
we present results only for those IC clusters whose centroids were
located within cortical gray matter and whose mean scalp topogra-
phy exhibited a weight distribution maximal over frontal midline
scalp areas (from which fm# effects are typically measured). Two
clusters with centroids located in or near dorsal ACC fulfilled these
criteria. These clusters showed functionally distinct EEG dynamics
under different experimental conditions: the first cluster comprised
ICs from eight participants whose model equivalent dipoles were
located in or near medial prefrontal cortex (MPFC); the second clus-
ter comprised ICs from 10 participants localized in or near the MFC.
Scalp projections of the ICs in each cluster are depicted in Figure 3A.
As can be seen from Figure 3B, equivalent dipoles for ICs in the two
theta clusters show distinctive distributions in MPFC and MFC ar-
eas, respectively.

Frontal midline theta activity and conflict detection

Figure 3C presents the spectrographic ERSP images for both the
MPFC (left panel) and MFC (right panel) IC clusters synchro-
nized to the onset of the stimulus. ERSP analyses revealed that
both fm6 clusters produced clearly distinguishable brief en-
hancements in mean theta power (4—7 Hz) for both congruent
and incongruent S-R conditions. In addition to the theta burst,
the MPFC cluster selectively exhibited an event-related synchro-
nization in the low beta frequency band (12-15 Hz), whereas the
MFC cluster selectively exhibited an event-related desynchroni-

zation in the mid-beta band (20-24 Hz). Most importantly, how-
ever, incompatibility between the S and R sides (i.e., the S-R
conflict) was exclusively accompanied by event-related theta
band activity changes in the MFC cluster. That is, when subtract-
ing the congruent from the incongruent S-R condition, the only
difference that remained was theta band activity in the MFC clus-
ter (Fig. 3C). This observation was statistically substantiated by
stronger MFC theta bursts in the incongruent compared with the
congruent S-R conditions (1.19 = 0.25 wV?vs 0.94 * 0.19 uV?%
p < 0.01; see also Fig. 2B, top), in line with the notion that
heightened conflict processing goes along with stronger MFC
activity (e.g., Kerns, 2006). The theta burst in the MPFC cluster,
the beta event-related synchronization in the MPFC cluster, as
well as the beta event-related desynchronization in the MFC clus-
ter, by contrast, occurred independently of S-R conflict, that is,
there were no significant differences between congruent and in-
congruent conditions (all p values > 0.14).

MEC theta activity and conflict adaptation

In the next step, we analyzed the theta band activity in the
conflict-dependent MFC cluster as a function of preceding, con-
gruent versus incongruent, trial history. This analysis revealed
the theta band activity on the current trial being modulated by the
S-R compatibility on the previous trial (Fig. 2B, bottom). Theta
bursts triggered on incongruent trials were significantly reduced
when participants had processed an incongruent, rather than a
congruent, S-R condition in the preceding trial episode (1.14 *
0.25 wV?2vs 1.24 + 0.25 MVZ;p < 0.01). By contrast, theta bursts
on congruent trials were significantly enhanced when partici-
pants had processed an S-R conflict on the previous trial (0.96 *
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Figure3. Twodclustersof ICEEG source processes with equivalent dipole centroids in or near ACC. A, Larger maps, Mean scalp topographies for the MPFC (top) and MFC (bottom) IC clusters. Smaller
maps, Topographies of their individual ICs. Map sign orientation (red vs blue) is arbitrary. B, Equivalent dipole locations of individual ICs in the MPFC (blue spheres, lines) and MFC (red spheres, lines)
IC clusters projected on horizontal, sagittal, and coronal views of the standard MNI template brain. Cluster centroids of the equivalent dipole locations (data not shown) are as follows: MPFC, BA32,

Talairach coordinates, x = 1,y = 38,z = 11 (blue); MFC, BA32, Talairach coordinates, x = 0,y =

9,z = 39 (red). C, Cluster-mean event-related spectral perturbations time-locked to onset of

stimuli mandating spatially congruent and incongruent responses, respectively, for the MPFC (left) and MFC (right) IC clusters. Dark red represents significant ( p << 0.01 by two-tailed paired ¢ tests)
inincongruent-minus-congruent ERSP differences between the two conditions. Note the absence of an fm6 difference for the MPFC cluster.

0.18 wV?vs 0.92 = 0.19 wV? p < 0.01). As with the RT data,
essentially the same interactive pattern was evident when plotting
the MFC theta power separately for left- and right-hand re-
sponses (Fig. 2B, bottom). This set of findings is in line with the
notion that, after having encountered conflict, humans reactively
adjust their internal system settings to proactively prevent, or
minimize, the costs associated with conflicts that potentially oc-
cur on subsequent trials (Botvinick et al., 2004; Kerns, 2006).

Dissociating conflict processing from general RT-related
slowing in MFC theta power

However, one common difficulty in using RT paradigms to study
EEG oscillations is that any change in the oscillatory pattern may
be a direct correlate of a concurrent RT change. Applied to the
present data, this implies that the increase in theta power for
incongruent relative to congruent trials may not reflect the con-
flict between internal representations that code spatial S-R
locations, respectively, but rather more general RT slowing or

time-on-task processes (Scherbaum and Dshemuchadse, 2013).
In other words, it remains unclear at this stage whether the MFC
theta bursts in the present Simon-type task are due to (1) the
conflict between S-R locations, (2) more general processing de-
mands associated with RT slowing, or (3) a mixture of both. If
MEFC theta bursts reflect exclusively the S-R conflict, we should
observe MFC theta being triggered more markedly for incongru-
ent relative to congruent trials, without any RT modulation
(Fig. 4, first panel). By contrast, if the MFC theta increase reflects
exclusively RT-related processing demands, MFC theta power
should increase gradually as RT increases, without any modula-
tion by S-R compatibility (Fig. 4, second panel). If the MFC theta
increase reflects both effects, however, we should observe MFC
theta power being triggered more strongly for incongruent rela-
tive to congruent trials, with further increases in trials with slow
RTs. In the latter case, two scenarios are conceivable: The RT-
related increase in MFC theta across different RT ranges (i.e.,
quartiles) may be comparable between congruent and incongru-
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Hypothetical data patterns for MFC theta power. Left panels, Predicted MFC theta increases produced by a pure conflict-related versus a pure RT-related modulation. Right panels,

Predicted MFC theta increases produced by a combination of both conflict- and RT-related modulations, determining MFC theta power either independently of one another or interactively. In all
hypothetical scenarios, each RT quartile is assumed to correspond to the same bounds for congruent (red lines) and incongruent trials (blue lines).

ent trials, which would point to an independent modulation of
conflict- and RT-related processes (Fig. 4, third panel). Alterna-
tively, the slopes may differ between congruent and incongruent
trials (e.g., steeper for incongruent trials), which would indicate
that conflict- and RT-related processes determine MFC theta
power interactively (Fig. 4, fourth panel).

To directly test these four alternatives, we sorted the stimulus-
locked MEC theta power time courses in all trials by RT for each
participant individually (Fig. 5C) and split the trials into four
subsets representing different levels of response speed: fastest
(mean RT: 526 ms), faster (mean RT: 593 ms), slower (mean RT:
650 ms), and slowest (mean RT: 733 ms). Each subset consisted of
comparable numbers of trials (fastest: 221 = 32; faster: 221 = 22;
slower: 225 * 32; slowest: 224 * 31; see Fig. 5D), with RT quar-
tiles being computed across congruency conditions (i.e., each RT
quartile corresponds to the same bounds for congruent and in-
congruent trials). This binning procedure resulted in the follow-
ing trial allocations: on average, the bin of fastest RT's consisted of
160 congruent (mean RT: 524 ms) and 61 incongruent trials
(mean RT: 532 ms); the faster bin of 121 congruent (mean RT:
591 ms) and 100 incongruent trials (mean RT: 595 ms); the
slower bin of 94 congruent (mean RT: 649 ms) and 131 incon-
gruent trials (mean RT: 651 ms); and the slowest bin of 86 con-
gruent (mean RT: 729 ms) and 138 incongruent trials (mean RT:
734 ms).

For each of the eight conditions, we then extracted theta-band
ERSP values from the 200 ms time window ending at the mean
trial-subset RT and subjected them to repeated-measures
ANOVAs with the factors “S-R congruency” (congruent, incon-
gruent) and “Response speed” (fastest, faster, slower, slowest).
This ANOVA on mean changes in theta (4-7 Hz) log power
revealed significant main effects of “S-R congruency” and “Re-
sponse speed.” As shown in Figure 6C, weakest MFC theta bursts
were elicited in trials with fastest RTs, with theta burst power
gradually increasing as RTs became slower (F 5 ,,, = 33.35,p <
0.01). Independent of this response speed effect (interaction:
F357) = 0.14, p > 0.94), stimuli requiring spatially incongruent
responses induced stronger MFC theta power than stimuli with
spatially congruent responses (F(, ) = 14.85, p < 0.01). This
pattern indicates that conflict- and RT-related processes affect
mean MFC theta power independently of one another (compare
Fig. 6D).

While the interaction between “S-R congruency” and “Re-
sponse speed” was far from significance (p > 0.94), it remains
possible that the use of only four response speed bins was insuf-

ficient for the interaction to reach significance. For example, it
may well be that variance becomes larger as RT increases, with a
lot of important variance being lost when using RT quartiles. To
control for this possibility, and to take the variance over all trials
into account, we additionally computed within-subject correla-
tions between MFC theta power and RTs and then compared
(Pearson’s linear) correlation coefficients between congruent
and incongruent conditions (using paired ¢ tests). This analysis
revealed the difference between congruent (mean correlation co-
efficient: 0.18) and incongruent trials (mean correlation coeffi-
cient: 0.17) to be far from significance (p > 0.85), confirming the
previous observation of MFC theta power being modulated in-
dependently by conflict- and RT-related processes in the present
task.

Estimating relative contributions of conflict-related and -
unrelated processes to MFC theta

In the next step, we attempted to estimate the relative contribu-
tions of conflict-related versus -unrelated processes to the in-
crease in MFC theta power, that is: do the former make a greater,
a smaller, or an equal contribution compared with the latter?

First, to estimate the combined effects of both conflict-related
and -unrelated processes, we calculated the mean magnitude of
the MEC theta increase across trials (in the 200 ms preresponse
window of the respective ERSPs) separately for the congruent and
incongruent conditions. For each RT bin (quartile), we multi-
plied the theta power value by the number of trials contained in
the trial bin. The products of all four bins were then summed and
subsequently divided by the total number of (congruent and,
respectively, incongruent) trials. The difference between the re-
sulting congruent- and incongruent-trial theta power was taken
to reflect the combined effects of conflict- and RT-related pro-
cesses on MFC theta power (Fig. 7D, left). Averaged across both
hands, the overall difference between congruent and incongruent
trials was 0.22 V> (paired t test: p < 0.005). Looking at response
side separately, the difference was more pronounced and signif-
icant for right-hand trials (0.28 wV? p < 0.001) and approached
significance for left-hand trials (0.16 wV? p < 0.06).

Second, to isolate the “conflict effect” on MFC theta bursts
from conflict-unrelated processes, we estimated the mean mag-
nitude of the MFC theta increase across the RT quartiles (sepa-
rately for the congruent and incongruent conditions). In detail,
we summed theta power across all four RT bins and subsequently
divided the sum by 4 (the number of bins). The difference, ob-
tained by subtracting the resulting congruent from incongruent
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Figure5.  fm6 power changes across congruent and incongruent trials sorted by RT and synchron

ized to stimulus onsets (at time 0). A, Spectrographicimages of all trials sorted by RT for each of

the 8 participants contributing to the MPFC cluster. B, MPFC ERSPs for trials in four RT-sorted groups (fastest, faster, slower, slowest). C, Spectrographicimages of all trials sorted by RT for each of the
10 participants contributing to the MFC cluster. Note the higher mean theta power before slower responses (top traces in each panel). D, MFCERSPs for trials in four RT-sorted groups (very fast, fast,

slow, very slow). Note, again, that the theta power increase is larger in slower RT trials.

theta power (Fig. 7D, middle), provides an estimate of the pure
conflict-driven MFC theta increase. For both hands averaged,
the (conflict-related) difference was significant (paired ¢ test: p <
0.004) and amounted to 0.17 wV?, that is, 76% of the combined
effect. As before, the difference was marginally larger for right-
hand (0.21 wV?3; p < 0.001) than for left-hand trials (0.14 wV?;
p <0.07).

Third, we estimated the contribution of “conflict-unrelated
processes” to the MFC theta increase via averaging congruent and
incongruent trials, thus effectively cancelling out (the contribu-
tion of) S-R conflicts. In detail, we calculated the theta power
increase for each RT bin (separately for congruent and incongru-
ent trials), taking the differential trial numbers per condition into

account. That is, for each quartile, the theta power obtained (by
averaging congruent and incongruent trials) was multiplied by
the number of (congruent and, respectively, incongruent) trials
contained in the respective bin. The products for all four bins
were then summed up and subsequently divided by the total
number of (congruent and incongruent) trials. As before, the
difference, obtained by subtracting congruent from incongruent
theta power (Fig. 7D, right), provides an estimate of the pure
contribution of conflict-unrelated processes to the MFC theta
power increases. Across both response hands, there was a signif-
icant difference (paired  test: p < 0.01) of 0.05 uV > (i.e., 24% of
the combined effect). Mirroring the previous analyses, the differ-
ence was stronger and significant for right-hand trials (0.07 uV?
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fmoOactivity separately for each response speed quartile (fastest, faster, slower, slowest). A, RT quartile-dependent MPFC theta power synchronized to response (left) and stimulus onset

(right). B, MPFC theta power separately for congruent (red) and incongruent trials (blue) as a function of RT quartile. €, RT quartile-dependent MFC theta power synchronized to response (left) and
stimulus onset (right). D, MFC theta power separately for congruent (red) and incongruent trials (blue) as a function of RT quartile. Theta power was extracted from the 200 ms time window ending
at the mean trial-subset RT, with theta increases estimated by subtracting mean baseline power in the (— 1000 ms to —750 ms) time window before response onset.

p < 0.001) and approached significance level for left-hand trials
(0.02 uV?% p < 0.07).

Response speed and MPFC theta

Although the previous analyses had revealed that the present
MPEFC theta complex was elicited independently of S-R conflict,
it cannot be ruled out that this complex indexes S-R conflicts for
a subset of trials (e.g., in slower but not in faster RT quartiles), a
pattern that might have remained hidden when performing the
analyses for congruent and incongruent conditions averaged
across all trials. To control for this possibility, we performed the
same RT quartile-dependent analyses for the MPFC theta power,
as (described above) for the MFC theta power. Stimulus-locked
MPEC theta power time courses in all trials were first sorted by
RT for each participant individually (Fig. 5A) and then divided
into four quartile bins representing different response speed lev-
els (Fig. 5B). Theta-band ERSP values from the 200 ms time
window ending at the mean trial-subset RT, extracted separately
for each of the eight conditions, were used for statistical compar-
isons. Of note, the different RT quartiles consisted of exactly the
same (congruent and incongruent) trials as the MFC theta power
analyses.

The repeated-measures ANOVA with the factors “S-R con-
gruency” (congruent, incongruent) and “Response speed” (fast-
est, faster, slower, slowest) on MPFC theta (4—7 Hz) log power
revealed the main effect of “Response speed” to be significant
(F3.21) = 8.80, p < 0.01), whereas the main effect of “S-R con-
gruency” (F(, ;) = 0.04, p > 0.83) and the interaction (F;,,, =
0.97, p > 0.42) were nonsignificant. As depicted in Figure 6B, the

response speed effect is due to generally increasing MPFC theta
power for trials with slower relative to faster RTs, without an
effect of or modulation by S-R congruency. As for the MFC anal-
yses, we also computed within-subject correlations between
MPFC theta power and RTs (for comparisons of correlation co-
efficients between congruent and incongruent conditions) to ex-
amine whether the nonsignificant interaction might be due to
variance loss because of our RT binning procedure (see above).
Supporting our previous findings, this analysis confirmed that
RT-related processes modulated MPFC theta power indepen-
dently of S-R congruence, as evidenced by statistically indifferent
(p > 0.65) mean correlation coefficients for congruent (0.08)
and incongruent trials (0.07). Given that response speed modu-
lated both MPFC and MFC theta power, we further examined
whether the effect of RT on the two clusters correlate with one
another. These analyses revealed a significant correlation for con-
gruent trials (p < 0.05), but not for incongruent trials (p > 0.19),
corroborating that conflict-unrelated effects in fm6 power are
not selective to the MFC complex.

Quantifying the contribution of RT-related processes to
MPEC theta

Finally, we sought to quantify the contribution of conflict-unrelated
processes to the MPFC theta bursts triggered in congruent and in-
congruent trials, and to assess whether the RT-related influence de-
pends on (left vs right) response side. To this end, we performed the
same analysis for the MPFC power as used for estimating the relative
contributions of conflict-related and -unrelated processes to the
MEFC theta power (see above).
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For the conflict-unrelated influence to MPFC theta power, we
found a significant difference between congruent and incongru-
ent trials for right-hand (0.05 wV?; paired ¢ test: p < 0.01; Fig.
7C), but not for left-hand (—0.01 wV % paired ¢ test: p > 0.73; Fig.
7B) responses. When averaged across hands, the difference be-
tween congruent and incongruent trials was only marginally sig-
nificant (paired ¢ test: p < 0.06), amounting to 0.02 uV> To
provide a full picture of the present MPFC theta complex, we also
estimated the contribution of putative conflict-related differ-
ences to MPFC theta power (using the RT quartile-dependent
procedure as described above), and examined whether congruent
and incongruent trials remained statistically different when com-
puting the combined effects, which represent essentially the sum
of conflict-unrelated and (putatively present) conflict-related
differences across S-R conditions. Consistent with our previous

findings, this analysis showed that MPFC theta bursts during
congruent and incongruent trials were triggered independently
of S-R conflict (all p values: > 0.43). Similarly, none of the com-
parisons reached statistical significance for the combined effects
(all p values: > 0.15).

Discussion

In the current study, we set out to explore whether there are
several theta generators in or near anterior cingulate cortex that
jointly give rise to the scalp-recorded EEG spectral responses typ-
ically found in paradigms involving S-R conflicts (Nigbur et al.,
2011; Cavanagh et al., 2012; van Driel et al., 2012). In particular,
we aimed at identifying the cortical areas generating conflict-
induced fm6 complexes in a Simon-type manual reaching task to
resolve the open issue whether multiple, conflict-related (detec-
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tion and adaptation) and conflict-unrelated processes (general
RT slowing) can be linked to statistically independent fm# oscil-
lations; or, alternatively, whether multiple processes can drive
one-and-the-same fm6 complex. At the behavioral level, our re-
sults replicated the pattern well known from the Simon task lit-
erature (Simon, 1969; Hommel, 1995): participants’ RTs were
slower for incongruent than for congruent trials, with the incon-
gruency effect being reduced on trials that followed a conflict on
the previous trial.

Two independent fm@ generators

By means of ICA decomposition (Makeig et al., 1996), our EEG
analyses identified two functionally distinct fm6 patterns during
target processing, both of which started ~400 ms after stimulus
and exhibited a clear fm#6-related scalp distribution. Dipole
source localization revealed that one fm# oscillation was trig-
gered in (or near) the MFC, whereas the other originated from a
more anterior region of medial cortex: the MPFC. The most im-
portant observation was, however, that only the former cluster
reflected the noncorrespondence (i.e., the conflict) between S
and R locations. In particular, MFC theta power was enhanced
for incongruent relative to congruent trials, whereas no such dif-
ference was discernable for MPFC theta power. Moreover, MFC
theta activity was modulated by trial-to-trial (conflict) history,
with reduced MFC theta power triggered in incongruent trials
when participants had processed a conflict on the trial before, and
depended additionally on conflict-unrelated processes that were
associated with RT slowing.

The finding that spatially incongruent S-R situations give rise
to a stronger fm6 response that is modulated by trial-to-trial
history is in accord with recent studies that used classical (Cohen
and Ridderinkhof, 2013; Gulbinaite et al., 2014) or diverse (cue-
ing) versions of the Simon task (Cavanagh et al., 2012; van Driel
etal., 2015). From all these studies, however, it remained unclear
(1) whether this pattern originates from a mixture of multiple
fm6 sources in the MFC, and, if so, (2) whether they are all
related to conflict detection and/or subject to trial-to-trial
adaptation. Thus, to our knowledge, our findings provide the
first demonstration that at least two classes of functionally
independent fm6 generators are simultaneously active during
conflict processing in a Simon-type task. Critically, only one of
the two produced larger theta responses in trials with S-R
incongruency, providing strong electrophysiological support
for the recent proposal that a single, spatially restricted micro-
circuit in the MFC is responsible for the detection and signal-
ing of conflict (Cohen, 2014).

Dissociating conflict from conflict-unrelated processes in
MEFC theta oscillations

Our results yield important insights for a challenge that can be
leveled against virtually all studies using RT paradigms to explore
EEG oscillations, namely, that the change in the oscillatory pat-
tern may be a direct correlate of a concurrent RT change. In this
regard, it has been argued that the increase in theta activity for
incongruent relative to congruent trials, rather than reflecting the
S-R conflict per se, may be an effect of increased RTs or more
general, conflict-independent RT-slowing processes (Scherbaum
and Dshemuchadse, 2013). Arguing against this view, opponents
pointed out that this notion has limitations when taking neuro-
biological and psychological constraints into account (Cohen
and Nigbur, 2013), favoring the view that fm# tracks the strength
of response conflict and that RT can be taken as a behavioral
index of such a conflict.
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Here we show that conflict-related MFC theta bursts in a
Simon-type task cannot be attributed to a single factor: MFC
theta was larger in trials on which S-R locations differed and,
independently of this conflict-related modulation, increased in
trials with slower responses. This pattern is consistent with the
compromise view that MFC theta increases in the present task are
determined both by conflict-related and general RT-slowing pro-
cesses. Specifically, processes not related to conflict contributed
approximately one-fourth to the overall MFC theta bursts (aver-
aged across both hands; Fig. 7D), with conflict-related processes
contributing the “lion’s share” (approximately three-fourths).
Concerning the former, potential candidates for RT slowing pro-
cesses that are not related to conflict include attentional resource
allocation during visuo-motor processing (Makeig et al., 2004;
Sauseng et al., 2007; Cravo et al., 2011), decision-making (Rush-
worth etal., 2004; Womelsdorfetal., 2010; Euston et al., 2012), or
working memory-related processes (Gevins et al., 1997; Jensen
and Tesche, 2002; Onton et al., 2005). However, to what degree
each of these, or alternative, conflict-unrelated factors may have
contributed to the present MFC theta power remains an open
issue (to be resolved in future studies).

Conflict-induced fm@ complexes as a common neural
substrate for cognitive control in response-override tasks?
Finally, there has been a steadily growing interest in fm#6 and the
idea that conflict-related characteristics of this brain response
may reflect a unitary cognitive control mechanism for human
conflict processing (Ridderinkhof et al., 2004; Nigbur et al., 2011;
Cavanagh and Frank, 2014). For example, it has been proposed
that non—phase-locked theta induced by conflicting task infor-
mation modulates obligatory phase-locked theta responses
evoked by perceptual and/or action events, resulting in the well-
established pattern of conflict-related fm#6 increases (Cohen and
Donner, 2013). Support for this notion derived from recent elec-
trocortical findings from a particular class of conflict tasks that, as
the Simon task, is characterized by a competition between the
appropriate response demanded by the stimulus and an alterna-
tive, prepotent response that has to be overridden. Other exam-
ples of such response-override tasks include the Stroop task
(Hanslmayr et al., 2008; Ochrn et al., 2014), the Eriksen flanker
task (Cavanagh et al., 2009; Nigbur et al, 2012), and the
response-priming task (Pastotter et al., 2010; Pastotter et al.,
2013). Hanslmayr et al. (2008), for instance, observed stronger
scalp fm@ responses for incongruent relative to congruent stimuli
in the Stroop task. Essentially the same pattern has been repli-
cated for the Eriksen flanker task (Nigbur et al., 2012) and the
response-priming task (Pastotter et al., 2013). Given these simi-
larities, there is a general consensus that the same cognitive con-
trol process, indexed by conflict-induced fm6 complexes, may
mediate interference detection and conflict monitoring across
response-override tasks.

Although there is undoubtedly a remarkable overlap across
various conflict paradigms (Lu and Proctor, 1995) and beyond
(Rushworth et al., 2007), it remains a point of contention
whether conflict-related fm#6 increases reflect indeed the very
same cognitive control mechanism. Put differently, if conflict-
induced fm6 complexes represent a unitary, task-independent
process for detecting and resolving conflicts across response-
override tasks, then one would predict that, regardless of the
specific task at hand, this brain response should be (1) generated
in exactly the same cortical region, and (2) similarly sensitive to
intertrial (conflict) history. Closer inspection of the recent
response-override task literature discloses, however, that these
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criteria are not fulfilled. First, it has been shown that, even though
incongruent relative to congruent trial types give rise to a brief
increase in theta EEG power with a clear focus over fm# areas in
the Stroop, Simon, and response-priming tasks, their exact un-
derlying neural sources vary. Whereas conflict-related fm6
elicited in response-priming tasks originates from the left
ACC, extending to the left pre-SMA (Pastotter et al., 2013), the
sources generating conflict-related fm6 in the Stroop task
(Hanslmayr et al., 2008) and the present Simon-type task were
localized, without any consistent lateralization to one cerebral hemi-
sphere, in the dorsal ACC. Moreover, while conflict-related fmé
power in both the response-priming task (Pastotter et al., 2013) and
the present Simon-type task was influenced by conflicts on the pre-
vious trial, no such adaptation effects have been found for trial-
averaged theta responses in the Erikson task (Cohen and Cavanagh,
2011).

Thus, despite striking similarities of fm6 across various
response-override tasks, there are also crucial differences that
mitigate the hypothesis of conflict-related fm#6 as reflecting the
very same cognitive control mechanism for resolving conflict.
Notably, the pattern of task-dependent, conflict-related fm# in-
creases provides electrocortical evidence for the view, put for-
ward by Hommel (2011), that the Simon, Stroop, and Erikson
effects should not be treated as representing the same (conflict)
phenomena. As pointed out by Hommel (2011), the Simon effect
can be traced back to the noncorrespondence between S-R loca-
tions. For the Erikson and Stroop effects, by contrast, the conflict-
induced response slowing may have at least two sources: any cost
for incongruent trials in these tasks may be due to the conflict
between the two stimulus-related feature codes (e.g., blue vs red
colors and, respectively, target vs flanker items), the conflict be-
tween the associated response codes, or a mixture of both. To-
gether, our results fit well with the notion of task-dependent
brain processes that resolve experienced S-S and S-R conflicts
across different response-override tasks and which likely trans-
late into task-dependent fm# characteristics.
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